We characterized stable isotopes to identify the source of water used by vegetation at 69 different stages of succession after conversion from farmland and under different rainfall 70 conditions. The use of stable isotopes has provided good results for forest cultivation and 71 (Xiao et al. 2016) . Vegetation succession on the Loess Plateau in China has been an important 79 measure for repairing fragile ecosystems and improving soil quality, but plants of different ages 80 have different strategies for absorbing soil water (Dodd et al. 1998) . The "Grain for Green 81 Project" implemented by the Chinese government in the 1990s changed the landscape pattern of 82 the annual crops on the Loess Plateau. This change increased the depth of water absorption by 83 plant roots and increased the total amount and storage of soil water, thereby changing the 84 regional hydrological processes (Asbjornsen et al. 2007 ). The study of water use during 85 vegetation succession in this area should therefore not be ignored. 86 We analyzed the characteristics of the root systems of four vegetation communities in 87 different seasons on the plateau. We quantified the contribution of water uptake by plants from 88 various soil depths, investigated the mechanism of the response of roots to changes of soil water 89 and modeled the use of soil water by the vegetation using an IsoSource model of multivariate 90 conservation of stable isotopes to provide a scientific basis for the study of key issues such as the 91 mechanism of water use and the ecological water demand on the Loess Plateau.
92 Materials and methods 93 Study area 94 Natural survey of the study area 95 The study area was in the Wangmaogou watershed of Suide County, Shaanxi Province, 96 China (1110°20′26″-110°22′46″E, 37°34′13″-37°36′03″N; 940-1180 m a.s.l.). The watershed is 97 the first subregion of the hilly and gully region of the Loess Plateau in the middle reaches of the 98 Yellow River. It is a two-branched depression on the left bank of the Wuding River, with an area 99 of 5.97 km 2 . The Suide County Yellow River Soil and Water Conservation Experimental Station 100 of Wangmaogou has been a site for testing the management of small watersheds since 1950 for 101 improving the status of soil erosion on the plateau. The "Grain for Green Project" has replaced 102 sloping farmland with other vegetation, which is now at various stages of succession. 103 The watershed has a continental monsoon climate, four distinct seasons, an average 104 temperature of 10.2 °C and an average annual precipitation of 513 mm, concentrated mostly in 105 the wet season (July to October), which accounts for about 73.1% of the annual rainfall. The 106 main soil type is loessial soil, with a cover thickness of about 20-30 m. Avoiding other landscape 107 factors has an impact on the experimental results, sampling slope are all located in the main 108 channel on the left bank of the river in the sunny slope. The watershed position is shown in Fig.  109 1. 110 Observation of meteorological factors 111 Two small automatic meteorological stations (HOBO, U30, USA) were installed in a ditch 112 of the watershed to record atmospheric temperature and rainfall at 5-min intervals for 113 determining the influence of antecedent rainfall on soil water. The amounts of hydrogen and 114 oxygen isotopes in the rainwater and the antecedent precipitation before sampling are shown in 115 Table 1 , and the atmospheric temperature and rainfall during the sampling period are shown in 116 Fig. 2 . The average accumulated rainfall from April to June was <50 mm, April to June was 117 regarded as the dry season and July to October was regarded as the wet season. 118 Description of the sampling sites 119 Vegetation succession (Cheng 1998 The atmospheric water line is the linear relationship between δD and δ 18 O of rainwater or 244 snow water in a given area and can be compared with the global atmospheric water line (GMWL, 245 δD = 8δ 18 O+10) to determine the meteorological conditions of an area. The atmospheric water 246 line can provide an empirical basis for the hydrological cycle of evaporation, condensation and 247 source of water. The main goal of our study was to determine the difference between local and 248 global precipitation and to determine the infiltration of snowmelt and the recharge of soil water, 249 which provided the basis for the subsequent analyses.
250
δD and δ 18 O were correlated with rainfall from June to November (Fig. 5) , fitting the Local 251 Meteoric Water Line (LMWL: δD = 6.57δ 18 O-4.70; R² = 0.93, n=67). The slope was slightly 252 lower for LMWL than GMWL, and the intercept was much lower than for GMWL, indicating 253 that rainwater had evaporated during rain. The study area is on the Loess Plateau, and the 254 precipitation during the wet season accounted for 71.6% of the annual precipitation. Rainfall 255 water vapor due to high temperature and evaporation conditions, heavy isotope enrichment.
256
The relationship between δD and δ 18 O for snow water in January and February in 261 but the soil could contain more water below 20 cm depth layer, perhaps due to the melting of 262 snow in winter. A comparison of the snow cover and δD and δ 18 O for soil water in April 263 identified a very significant correlation between the stable isotopic ratio of the snow cover and 264 the soil water in April (P<0.01). The slope and intercept of the fitted equation were similar, and 265 δD and δ 18 O were larger for soil water than snow water. These results indicated that the 266 hydrogen and oxygen isotopes were balanced and fractionated during the supply of soil water 267 from snowmelt. We can thus conclude that the soil water in April was due to the melting of snow 268 in winter, with slow evaporation during the thawing and recharge of snow deposits. Direct contrasts can intuitively identify the depth of the main water source for plant roots. 293 The effect is better when the change in isotopes of a soil profile is obvious, otherwise the graphs 294 may have multiple intersections, and the specific depth of water absorption by roots cannot be 295 accurately determined. We quantified the contribution of water uptake by plants from different 296 depths using a multivariate mixture model to understand the characteristics of soil-water use in 297 different seasons of different vegetation types on the Loess Plateau. The model illustrates the 298 mechanism of response of roots to changes in soil water and the patterns of use of soil-water 299 resources by the plants. 300 The model output is shown in Fig. 7 . The depth of the main water source was shallowest for 301 the 2-y community (Fig. 7a) . Only water from the 0-20 cm layer soil was used from April to 302 November, and the annual average contribution of soil water from this layer was 63.1%. The 303 main depth of water uptake in the 8-y community is shown in Fig. 7b . Soil water below 20 cm 304 was used in April, with a contribution of 90.3%. The depth of the main water source then shifted 305 downward in May, with more soil water used below 40 cm at a contribution of 72.8%. The depth 306 of water absorption continued to move downward in June, with more soil water used below 60 307 cm at a contribution of 63.6%. The depth of the main water source returned to 0-20 cm from July 308 to November, with a monthly average contribution of 60.3%. The main depth of water uptake in 309 the 15-y community is shown in Fig. 7c . Soil water in the 40-80 cm layer was used more 310 frequently from April to June, with a monthly average contribution of 69.2%. The monthly 311 contribution of soil water from the 0-20 cm layer was 54% from July to September. There were 312 certain water absorption ratios in each soil layer of 0-100 cm in October, with contributions from 313 . We therefore selected the percentage of 341 root lengths as the internal factor influencing the use of water by plants. 342 We used the percentage of root lengths and soil-water contributions as factors in a 343 correlation analysis to investigate the relationship between root-system characteristics and water 344 use (Fig. 8) . Fig. 8 shows the correlation between root length and soil-water contribution in the 345 2-y community after the conversion of farmland. Percentage of root length was significantly 346 positively correlated with soil-water contribution (R 2 =0.86, P<0.01). The roots were mainly 347 distributed in the 0-20 cm layer (Fig. 3) 369 External factors of the differences in water use 370 The distribution of precipitation differs between the dry and wet seasons on the Loess 371 Plateau, which leads to seasonal differences of soil-water and root-system distribution. The 372 proportion of water absorbed by plants generally increases as SWC increases (Li et al. 2010). 373 SWC in our study varied greatly in the 0-20 cm layer, increasing from 5.56 to 15.01% for the 2-y 374 community, 7.78 to 13.97% for the 8-y community, 6.99 to 15.62% for the 15-y community and 375 5.97 to 17.09% for the 21-y community, and the soil-water contribution from this layer for the 2-, 376 8-, 15-and 21-y communities increased from the dry (April to June) to the wet (July to October) 377 season from 52.67 to 62.32%, 9.03 to 60.32%, 8.10 to 52.06% and 3.50 to 55.84%, respectively 378 (Table 5 ). The 0-20 cm layer was driest due to the lack of rain, and the plants rapidly integrated 379 more photosynthates into the root system, so soil water below 20 cm became the primary source 380 during the dry season. The surface 0-20 cm layer is preferentially supplied with soil water, so the 381 source of water for vegetation use moved upward to the 0-20 cm layer in the wet season. Plants 382 use less energy to absorb soil water from the surface layer, so the vegetation preferentially 383 absorbs water stored in the surface layer when it is sufficiently available (Hasselquist & Allen 384 2009). The vegetation then allocates fewer resources to the root system and allocates more to the 385 aboveground tissues. Precipitation was unusually frequent in October and November in 2015, so 386 water was more abundant in the 0-80 cm layers, and the main source of water for the vegetation 387 communities was the 0-20 cm layer, because the vegetation will soon wither, decreasing the 388 transpiration rate substantially, and root growth will slow sharply, thus greatly reducing the 389 requirement for water, consistent with our results and those of previous studies (Franks et 
391
Antecedent rainfall was also an important factor affecting water use, so it was associated 392 with SWC and water-use contribution. Our results indicated that soil-water sources were divided 393 into shallow layers (0-40 cm) in the wet season and deep layers (40-100 cm) in the dry season. 394 Antecedent rainfall was positively correlated with SWC and water-use contribution in the 0-40 395 cm layers (P<0.05) ( Table 6 ), indicating that the higher antecedent rainfall, the higher the SWC 396 and soil-water contribution of the 0-40 cm layers during the wet season.
397
Antecedent rainfall was not significantly correlated with SWC in the 40-100 cm layers 398 (P>0.05) ( Table 7) . Antecedent rainfall in the dry season did not affect SWC below 40 cm, 399 indicating that rainfall could not recharge the soil below 40 cm in the dry season. The antecedent 400 rainfall was negatively correlated with the contribution of deep water use (P<0.05), indicating 401 that the higher the antecedent rainfall, the lower the proportion of plants able to absorb the water 402 in deep soil. Plant water in the dry season was sourced mainly from soil below 40 cm, due to less 403 rainfall, extreme drought and the difficulty in meeting the requirements of plant growth, so the 404 plant roots obtained water from deeper soil. The water in the surface soil, however, was slightly 405 recharged by rain in the dry season. Plants preferentially used the water from the surface layer, 406 and water-use efficiency was lower below 40 cm. The antecedent rainfall in the dry season was 407 therefore negatively correlated with the soil-water contribution, as expected. . Further study of multiple sampling 418 periods and the interannual changes of water use by plants, and analyzing artificial forests for 419 comparing the advantages and disadvantages of the two restoration methods on the ecological 420 construction on the Chinese Loess Plateau, are needed to resolve these problems. This 421 information will help us to understand the effects of vegetation restoration on regional water 422 resources and the coupling and feedback between ecological vegetation processes and slope 423 hydrological processes. 424 
Conclusions

425
We analyzed the dynamic characteristics of roots and soil water, elucidated the isotopic 426 characteristics and quantified the contributions of plant-water sources on the Chinese Loess 427 Plateau. Plant-root density and SWC increased slightly with the development of vegetation 428 succession. The fitted line of soil-water isotopes in April was similar to that of winter snow, and 429 the isotopic compositions varied more for shallow than deep soil water. The effective depth of 430 the vertical distribution of plant roots gradually increased from 0-30 to 0-67.5 cm with the 431 development of vegetation succession, the range of soil water that could be absorbed increased 432 from 0-20 to 0-100 cm and varied with season, indicating that water was absorbed from deeper 433 soil in the dry season and from surface soil in the wet season. This seasonal change was affected 434 by plant-root length and antecedent precipitation. Our results are important for vegetation 435 restoration in this arid and semi-arid ecosystem, provide a scientific basis for the study of the 436 influence of vegetation on the ecological hydrological process of the Wangmaogou watershed 437 and can be used to optimize vegetation collocation in the "Grain for Green Project" on the 438 Chinese Loess Plateau. Status of the experimental plots.
The times of restoration of these four plant communities represent different stages of the succession of natural vegetation in this area. The sampling sites are described in Table 2 .
1 ).
The mean RLD of the soil layers measured by monthly experiments are presented in Table 3 .
1 Isotopic ratios of rainwater, snow water, soil water and plant water in the study area.
Samples of stable hydrogen and oxygen isotopes in rainwater, snow water, soil water and plant water were collected from April to November and analyzed (Table 4) . A total of 67 rainwater samples, 12 snow-water samples, 706 soil-water samples and 131 plant-water samples were collected.
1 Table 4 Isotopic ratios of rainwater, snow water, soil water and plant water in the study area. Variation ranges (%) of soil-water content and contribution in the 0-20 cm layer (dry/wet).
SWC in our study varied greatly in the 0-20 cm layer, increasing from 5.56 to 15.01% for 2-y community, 7.78 to 13.97% for 8-y community, 6.99 to 15.62% for 15-y community and 5.97
to 17.09% for 21-y community, and the soil-water contribution from this layer for all four vegetation communities increased from the dry (April to June) to the wet (July to October)
season from 52.67 to 62.32%, 9.03 to 60.32%, 8.10 to 52.06% and 3.50 to 55.84%, respectively (Table 5 ).
1 Table 5 Variation ranges (%) of soil-water content and contribution in the 0-20 cm layer (dry/wet). 
